Potato tuber moth, *Phthorimaea operculella* (Zeller; Lepidoptera: Gelechiidae) is one of the major pests of solanaceous crops worldwide including potato (*Solanum tuberosum* L.), tobacco (*Nicotiana tabacum* L.), tomato (*Solanum lycopersicum* L.), and eggplant (*Solanum melongena* L.) ([@CIT0032], [@CIT0018], [@CIT0002]). Female moths prefer to deposit eggs on foliage, or directly on the eye buds and scars of the potato tubers in the field and the storage warehouse. They sometimes oviposit in the soil if potato foliage is unavailable ([@CIT0032], [@CIT0003]). Newly hatched larvae mine leaves and tubers, making irregular galleries and tunnels. Infestations of tubers often result in serious economic damages in the field. High populations of *P. operculella* may cause up to 70% losses in poorly managed storage warehouses ([@CIT0032]). It is always impractical to control larvae that concealed in the tubers effectively by insecticide application ([@CIT0007]). More effective and environmentally-friendly control tactics are needed. Pheromone traps have been used for population monitoring, mating disruption, and attract-and-kill of male moths ([@CIT0014], [@CIT0030], [@CIT0017], [@CIT0018]). However, such practices can only be successful for insect species with sexual reproduction of which parthenogenesis development from unfertilized eggs does not occur. Therefore, it is crucial to evaluate whether potato tuber moth can reproduce parthenogenetically under certain conditions.

Parthenogenesis, a natural form of asexual reproduction in which offspring are produced from unfertilized eggs, occurs in many insects including aphids, bees, wasps, and beetles ([@CIT0012], [@CIT0028], [@CIT0020]). This type of reproduction also occurs in several families of Lepidoptera, for example, fall cankerworm, *Alsophila pometaria* (Harris; Lepidoptera: Geometridae) ([@CIT0024]), leafminer moth *Phyllonorycter emberizaepenella* (Bouche; Lepidoptera: Gracillariidae) ([@CIT0025]), and tomato leafminer, *Tuta absoluta* (Meyrick; Lepidoptera: Gelechiidae) ([@CIT0022]).

The biology of *P. operculella* has been well documented ([@CIT0009], [@CIT0011], [@CIT0008], [@CIT0032], [@CIT0018]), but parthenogenesis in this species has sparsely been mentioned. Early reports noted that parthenogenetic reproduction did occur in laboratory population of *P. operculella* but very rarely ([@CIT0031], [@CIT0015]). Several other reports indicated that no parthenogenesis has ever been observed ([@CIT0009], [@CIT0026]). To date, it remains questionable whether parthenogenesis occurs in *P. operculella*. The current study aimed to investigate 1) conditions (larval density) to induce parthenogenesis in the laboratory population of *P. operculella* and 2) the major biological parameters of the parthenogenetic and non-parthenogenetic (normal) populations under laboratory conditions.

Materials and Methods {#s1}
=====================

Insect Source {#s2}
-------------

The colony of *P. operculella* was established from larvae collected from a potato field located in Qujing, Yunnan Province (103.79 E°, 25.51 N°) in April 2016. The infested tubers were held in a mesh cage (L × W × H = 35 × 35 × 35 cm) in which sand was provided as a pupation medium to allow easy harvesting of pupae. The cages were placed in an insect-rearing room under 24 ± 2°C, 70 ± 5% RH and 14:10 (L:D) h photoperiod ([@CIT0013]). The pupae were removed from sand and kept individually in glass tubes (2 cm in diameter and 4 cm high) under the same conditions. After emergence, twenty adult pairs (opposite sex) were confined in a plastic cylindrical container (13 cm in diameter and 14.5 cm high) for copulation and oviposition, and 10% honey water was provided through a daily refreshed cotton ball. The open top of the plastic container was covered with a single layer of cotton gauze over a piece of filter paper for egg laying. The filter paper was changed daily to collect eggs to obtain newly hatched larvae for continuous rearing and/or testing. The larvae were transferred to insect-free potato tubers (average weight 130 ± 2 g) at a density of 15 larvae per tuber. The potato tubers were punctured with a needle to facilitate larval infestation prior to introduction of larvae. About 30 such infested tubers were placed in a mesh cage with same dimension as above and kept under the same environmental conditions as mentioned above till pupation and adult emergence. A sexually reproductive population was achieved at density of 15 larvae per tuber using this process.

Parthenogenesis Test {#s3}
--------------------

Newly hatched larvae from the sexually reproductive population were transferred to insect-free potato tubers (average weight 130 ± 2 g) at the density levels of 5, 25, and 45 larvae per tuber. Twenty to forty tubers were prepared for each density to obtain enough insects (\>100 females) for testing. The infested tubers of a given density were held together in a mesh cage until pupation. The F~0~--generation pupae were individually transferred into glass tubes (2 cm in diameter and 4 cm high) and sexed after emergence. The newly emerged virgin females (F~0~--generation) were placed individually for a week in plastic cups (≈220 ml) containing a fresh insect-free potato tuber and 10% honey water. The open top of the cup was sealed with a single layer of cotton gauze. The cups were held together in a mesh cage and kept in the insect-rearing room as described above. A group of 25 virgin females (F~0~--generation) from the same density (5, 25 or 45 larvae per tuber) treatment were tested as a replication. The virgin females laid eggs (F~1~--generation) on the fresh potato tuber. Successful egg hatch (F~1~--generation) confirmed by the presence of feces excreted by neonate larvae that fed on the tuber. The tuber with the F~1~ larvae was transferred to a new cage until pupation. Then, the pupae were individually transferred into glass tubes and sexed after emergence, indicating occurrence of parthenogenesis. The test was replicated four times.

Biological Parameters of Non-parthenogenetic and Parthenogenetic Offspring {#s4}
--------------------------------------------------------------------------

About 200 potato tubers were infested at the density of 45 larvae per tuber to obtain parthenogenetic F~1~--generation females, and 20 tubers were infested at the density of 15 larvae per tuber to obtain non-parthenogenetic F~1~--generation females. Biological parameters of sexually reproduced offspring (F~2~--generation) from non-parthenogenetic population (CK) and parthenogenetic individuals (Treatment) were derived from the following assays: Parthenogenetically reproduced larvae (F~1~--generation) were reared on insect-free potato tubers at the density of 15 larvae per tuber to obtain the F~1~--generation adults of the parthenogenetic offspring. Ten pairs (opposite sex) of the newly emerged F~1~ adults were placed in a plastic cylindrical container (13 cm in diameter and 14.5 cm high), and provided with 10% honey water. Mating rate of F~1~ females was determined by dissecting each female 1 d after death and checking for the presence of spermatophores in the bursa copulatrix. The lifespan of the F~1~--generation female and male adults was also recorded. The eggs (F~2~--generation) produced were collected every day and counted daily for the first 4 d. Egg hatch was observed under a microscope (× 10) at the fourth day after egg collection. At the same time, sexually reproduced larvae (F~1~--generation) from non-parthenogenetic population (F~0~--generation) were reared and observed in the same manner. There were four replicates for treatment and for control.

In addition, a portion of eggs of the F~2~ generation (both Treatment and CK) deposited on the second day were used for further observations. After hatching, 30 first-instar larvae were transferred to 'punctured' tubers at the density of 15 larvae per tuber, and reared under the same conditions as above until adults. Larval duration, larval survival rate, pupal weight, and sex ratio of F~2~--generation adults, and the number of eggs produced by F~2~--generation adults (F~3~ generation) were recorded. Sexually reproduced larvae from non-parthenogenetic population were reared and observed in the same manner. There were four replicates for treatment and for control.

Statistical Analysis {#s5}
--------------------

One-way ANOVA was performed for the influence of larval density in potato tubers on the percentage of female adults that reproduce parthenogenetically followed by Tukey's test for mean separation. All other comparisons between treatments were analyzed using student's *t* test at 5% level (SPSS17.0).

Results {#s6}
=======

Effect of Larva Density on Parthenogenesis Occurrence in *P. operculella* {#s7}
-------------------------------------------------------------------------

Under laboratory conditions, no viable eggs were produced by virgin female moths from the treatment of five larvae per tuber, indicating that no parthenogenetic reproduction had occurred. When larval densities increased to 25 and 45 larvae per tuber, parthenogenesis occurred at rates of 6 to 12%, respectively. The rate of parthenogenesis occurrence increased numerically with the increase of larval density (ANOVA: *F*~2,\ 9~ = 5.809, *P* = 0.024, [Fig. 1](#F1){ref-type="fig"}). Furthermore, both male and female offspring were produced by parthenogenetic females. More females emerged at lower larval density (25 larvae per tuber), on the contrary, more males emerged at higher larval density (45 larvae per tuber), and no significant difference was observed between the number of females and males emerged at both densities tested (*P* \> 0.05) ([Fig. 2](#F2){ref-type="fig"}).

![Influence of larval density in potato tubers on percentage of female adults that reproduce parthenogenetically.](iey00301){#F1}

![Number of adults produced by parthenogenetic females of potato tuber moth, *P. operculella*.](iey00302){#F2}

Biological Parameters of Parthenogenetic Offspring {#s8}
--------------------------------------------------

During the first 4 d, mated females of the F~1~ generation of the parthenogenetic population deposited equal numbers of eggs as the non-parthenogenetic population. Furthermore, there was no significant difference in egg hatch rate of the F~2~ generation between the two populations except for the first day (*P* = 0.002, [Table 1](#T1){ref-type="table"}).

###### 

Number of eggs (mean ± SE) produced by a group of 10 females of the F~1~ generation and egg hatch rate (mean ± SE) (*n* = 4)

  Reproduction mode     First day      Second day     Third day    Fourth day                                            
  --------------------- -------------- -------------- ------------ ------------ ------------- ------------ ------------- ------------
  Parthenogenesis       557.5 ± 17.2   69.4 ± 2.1\*   548 ± 32.6   61.9 ± 4.7   233.2 ± 6.5   59.2 ± 3.7   110.5 ± 5.7   64.1 ± 7.3
  Non-parthenogenesis   660.5 ± 39.8   82.3 ± 1.5     543 ± 34.9   66.8 ± 2.5   278.5 ± 9.3   67.9 ± 3.9   131.5 ± 9.5   76.0 ± 1.1

\*Mean significant differences between parthenogenesis treatment and non-parthenogenesis control at 0.05 level.

Larval stage duration of the sexually reproduced F~1~ generation of the parthenogenetic population (6.3 ± 0.1 d) was significantly shorter than that of the non-parthenogenetic population (7.3 ± 0.3 d) (*P* = 0.004). No significant differences in larval survival rate and in both biological parameters of pupa were found between the two populations (*P* \> 0.05, [Table 2](#T2){ref-type="table"}).

###### 

Biological parameters of F~2~ generation

           Biological parameters   Parthenogenesis   Non-parthenogenesis   
  -------- ----------------------- ----------------- --------------------- ------------
  Larvae   Duration (d)            Average           6.3 ± 0.1\*           7.3 ± 0.3
           Survival rate (%)                         98.4 ± 1.6            99.2 ± 0.8
  Pupae    Duration (d)            Female            8.1 ± 0.1             7.7 ± 0.1
                                   Male              7.9 ± 0.1             7.8 ± 0.1
           Weight (mg)             Female            8.7 ± 0.3             8.6 ± 0.2
                                   Male              4.6 ± 0.2             4.2 ± 0.1
  Adults   Sex ratio (%)                             52.6 ± 3.2            47.6 ± 3.2
           Duration (d)            Female            12.7 ± 0.5            12.5 ± 0.5
                                   Male              13.3 ± 0.4\*          15.4 ± 0.3
           Mating rate (%)         85.0 ± 2.9        87.5 ± 2.5            
           Number of eggs          175.3 ± 2.5       173.1 ± 4.2           

Pupae weight was obtained by subtracting the weight of the cocoon shell by the weight of the full cocoon. Pupae were held individually and sexed after emergence. Number of eggs means the average number of eggs per 10 females in the first 4 d.

\*Significant difference between parthenogenesis treatment and non-parthenogenesis control at 0.05 level.

Only male adults of the sexually reproduced parthenogenetic offspring had a shorter life span (13.3 ± 0.3 d) than that of the non-parthenogenetic population (15.4 ± 0.3 d) (*P* \< 0.001). For female adults of the F~2~ generation, there were no significant differences in life span, egg production, and mating rate between the two populations (*P* \> 0.05, [Table 2](#T2){ref-type="table"}).

Discussion {#s9}
==========

Previous studies have documented that parthenogenesis occurred in about 20 species in the Bombycidae, Gelechiidae, Gracillariidae, Lasiocampidae, Liparidae, Nepticulidae, Saturnidae, Sesiidae, Sphingidae of Lepidoptera ([@CIT0035], [@CIT0024], [@CIT0019], [@CIT0023], [@CIT0025], [@CIT0022]). The results of this study revealed that parthenogenesis did occur under laboratory conditions in *P. operculella*.

Parthenogenesis can produce offspring of both sexes (deuterotoky), only females (thelytoky, e.g., aphids), or only males (arrhenotoky, e.g., most wasps) ([@CIT0034], [@CIT0029]). The fact that unfertilized eggs developed into both males and females indicated a deuterotoky type of parthenogenesis in *P. operculella*. In addition, no significant difference in mating rate between the parthenogenetic and non-parthenogenetic (sexually) reproduced offspring ([Table 2](#T2){ref-type="table"}) suggests that parthenogenesis has no negative impact on mating capability of parthenogenetic offspring. [@CIT0021] reported that more males were produced when larvae were reared at higher density in potato tubers. This situation would render females a higher chance to encounter males for copulation. Thus, we speculate that the parthenogenesis in *P. operculella* is extremely rare under natural conditions and should be categorized as facultative parthenogenesis.

Previous reports have found that food availability was an important factor to impact transition of the reproductive mode of some insect species ([@CIT0033], [@CIT0036]). Parthenogenesis generally occurs when food resources are available in excess, while sexuality correlates with food shortage. However, food shortage or a nutrition deficiency experienced at larval stage affects adult morphology and life-history traits, especially in species where adults do not feed ([@CIT0027], [@CIT0016], [@CIT0005]). In present study, we found that high larval density trigged parthenogenetic reproduction in females of *P. operculella*, possibly because of an emergency response to adverse overcrowding conditions. From an adaptive perspective, one advantage of this asexual reproduction was to maintain populations at a certain level in adverse conditions or in the absence of males ([@CIT0001]). The results of the sexually reproductive offspring of the parthenogenetic population had a lower egg hatch rate, higher larval mortality, shorter larval duration, shorter life span, and lower sex ratio than that of non-parthenogenesis (normal) population suggests that malnutrition caused by overcrowding during larval development negatively impacted on transgenerational reproduction ([@CIT0010], [@CIT0004], [@CIT0006]). Thus, the occurrence of parthenogenesis under less favorable conditions could reduce reproductive potential and be beneficial to the overall fitness of the population under stressful conditions. We found a relatively low occurrence rate (\<12%) of parthenogenesis in *P. operculella* even at the highest larval density tested. *P. operculella* lay eggs singly or in groups of 3 to 15 near the eye buds of potato tubers under storage conditions ([@CIT0032]). The possibility of the occurrence of parthenogenesis in large wild populations under field or storage warehouse conditions should be investigated ([@CIT0015]). It seems likely for natural populations of *P. operculella* in heavily infested potato field but not in storage houses under controlled temperature and humidity to reproduce parthenogenetically. Whether such a low rate of parthenogenesis would significantly affect the effectiveness of any male related control tactics also requires further investigation.

This research was supported by the National Natural Science Foundation of China (31560607).

[^1]: These authors have contributed equally to this work.
